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Chapter 1

Introduction

1.1 The Sun as a star

The Sun is an object of celestial beauty and great fascination and admiration of philosophers,
poets and artists. The Sun was conceived from a massive interstellar cloud and this young
protostar settled into a state where the plasma and magnetic pressure and the gravitational
forces scrambled to balance one another. The plasma was heated by the slow contraction and
produced energy. However, through several million years of change and evolution, the Sun
has become what it is today. The temperature at its core became high enough for fusion of
Hydrogen and Helium to produce energy. It had begun the main phase of its main-sequence life,
which would last ten billion years. The sun at present is half way through its life and when it
has lived through all its main-sequence life, it will have essentially exhausted its Hydrogen core.
However, fusion will continue in what is now a Helium core and this would cause the Sun to
expand into a red giant. This stage too will pass and the Sun, which is a Red giant will collapse
into a white dwarf the size of earth but with the mass of the Sun. More information about the
Sun can be found in several classical books by Priest 1982, Stix 2002 and Aschwanden 2005.

On a cosmic scale, the Sun is a typical main-sequence star of intermediate size and luminosity.
It is categorized under the G2 V spectral type with an absolute magnitude of 4.8. However,
what makes the Sun special is its close proximity to the Earth. It has a tremendous effect on all
living things and also on the space weather(Section 1.2). Studying the Sun is of key importance
as it provides a better understanding of other stars and cosmic plasma in general. Some of the
important physical properties of the Sun are,

Age: = 4.6 x 10? yrs
Mass (Mc): =1.99 x 1030 kg
Radius (Re): = 695.5 Mm (= 695,500 km = 6.955 x 108 m)
Mean density: =1.4x10% kg m™
Mean distance from Earth: =1 AU =1.496 x 10 m (= 215 RQ)
Mass-loss rate: 107 kg s7!
Effective temperature: 5785 K
Equatorial (synodic) rotation period: 26.24 days
Angular momentum: =1.7x 10*! kg m? 57!

To put these in perspective, the Sun is about 330, 000 times the mass of the Earth and is roughly
109 times its radius while having a surface gravity which is 27 times stronger. Light from the
Sun takes approximately 8 minutes to travel through the 149.6 million kms (1 Astronomical
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Figure 1.1: Cross section of the Sun indicating the sizes of the various regions and their boundaries and showing several
features such as sunspots and filaments.

Unit (AU)).

The 20th century brought along great development in the understanding of the Sun. It became
clear that the magnetic fields and the motions of the Sun had a great part to play in the
structures being observed and the dynamics being studied. With an increase in observational
capabilities and advancements in computational abilities further propelled us towards what is
now known as the golden age of scientific discovery. Several structural significances of the Sun
such as the sunspots, prominences, flares and coronal mass ejections (CMEs) could be finally
seen and studied.

The Sun is a massive ball of plasma (hot ionized gas) that is held together and compressed
purely by its own mass and gravity. The Sun is mainly comprised of Hydrogen H(92%) and
Helium He(8%) atoms in an ionized state due to the extremely high temperatures. Other minor
elements such as Carbon C, Nitrogen N and Oxygen O comprise about 0.1% which is roughly
the same proportions as on Earth.

An illustration of the Sun’s interior is shown in Figure 1.1. The only layer that is visible to
the naked eye is the photosphere. The interior can be divided into three regions, as shown in
Figure 1.1, namely the core, radiative zone and the convection zone. These regions are unique
and are dominated by different mechanisms which affect each other on the large scale of things.
Late in the 198 century, it was found that the Sun’s energy through gravitational contractions
would only last the so-called Kelvin-Helmholtz time (101 sec = 3 x 107 yr). This calculation
was done by dividing the gravitational potential energy of the Sun (M®2G / RO =4 x 104 7J,



where G is the gravitational constant) by its luminosity at present L@ ~4x10%6 W,

W. Eddington, in 1925, proposed that the Sun’s core was a giant nuclear reactor which would
make it last much longer. Since then, models of the solar interior have given a core temperature
of 15 million K and a density of 1.6 x 10° kg m > to make thermonuclear reactions possible. The
core temperature is so high that everything exists in a plasma state at a pressure of 230 billion
times the sea-level pressure of the Earth. The density too is 13 times that of solid lead. 0.007
kg is converted to energy for every kilogram of Hydrogen (H) that is fused to form Helium (He).

The energy produced in the core through nuclear reactions leak outward through the other layers
of the Sun. It is a long process which takes thousands of years before they are released through
the photosphere. Since the solar interior is dominated by the plasma forces, it is difficult for the
photons to journey to the surface. If the photons have an unobstructed path through the solar
interior, they would scale it in 2sec (at the speed of light). However, it would take the photons
thousands of years through it due to the various collisional processes (Mitalas & Sills, 1992).

1.2 Space Weather and solar eruptive events

The Sun is the ultimate source of almost all space weather phenomena. According to the
US National Space Weather Program Strategic Plan (Washington DC, 1995), The term space
weather refers to the conditions on the Sun and the perturbations it causes in the heliosphere and
particularly in near-Farth space. Space weather is important and will continue to be increasingly
important as large strides are taken in modern technology. Protecting these technologies in the
high atmosphere and in space, as well as on ground, is of utmost importance. Space weather
manifests in a number of different ways on Earth. However, the only visible effect is the aurora.
All space weather phenomena depend on solar-terrestrial interactions and its main drivers are
disturbances in the solar wind and its magnetic field. The space weather effects can also be due
to other things from the Sun such as Ultra-violet (UV) and Extreme ultra-violet (EUV), X-rays
and solar energetic particles(SEPs)(which are also generated by CME-driven shocks) which are
caused by energetic eruptions on the solar surface called the Solar flares.

Coronal Mass Ejections (CMEs) are large-scale eruptive events from the Sun that cause sig-
nificant disturbances in interplanetary space. CMEs are perhaps the biggest drivers of space
weather effects on Earth. CMEs are complex magnetic phenomena and have been subject to
a lot of research. The pre-eruptive structures of these CMEs in the corona is the focus of this
thesis. They were first identified with OSO-7 (Tousey 1973) and since than have been studied
using the on-board coronographs on spacecrafts (Skylab, 1973-74; P78-1, 1979-85; SMM, 1980-
89; SoHO, 1995-; STEREO, 2006-present). CMEs can be observed in white light by Thomson
scattering of free electrons. They can also be observed in X-rays and EUV. How frequent a CME
can occur depends on the solar activity cycle. CMEs are very common during the solar maxima
due to the complex nature of the solar magnetic fields. A CME carries enormous amounts of
energy (in the range 10' to 10 Wb for axial flux and 1014 to 10 Wb for the poloidal flux
(Owens, 2008)) and their have kinetic energies typically 1022 to 1025 J)

Fast shock-driving CMEs are often associated with flares and can accelerate particles to rela-
tivistic speeds. These accelerated particles are responsible for the ’snow shower’ effect when
they hit the CCD detectors on Large Angle and Spectrometric Coronagraph (LASCO) and they
are also sources of the largest Solar Energetic Particles (SEPs) events (> 1 MeV) (Yashiro et
al. 2004). SEPs are capable of damaging technologies in space and affect astronauts and radio
communication.



The interplanetary magnetic field (IMF) as the name suggests, is the Sun’s magnetic field in
interplanetary space, which is carried out by the solar wind (Smith et al. 1978). The IMF
is ’frozen in’ to the solar wind plasma that travels outward in a spiral trajectory due to the
Sun’s rotation (Parker, 1958). The IMF originates from the open magnetic field lines of the
Sun, which extend radially into space. The polarities of the fields change with every solar cycle.
Being a vector quantity, the IMF has directional components By and By which are parallel to
the ecliptic plane while the B, component is found perpendicular to the ecliptic plane and is
brought about by the solar wind and other disturbances. The IMF B, when oriented southward,
can reconnect with the geomagnetic field lines when they are oriented opposite to each other
resulting in a large transfer of energy from the solar wind to the magnetosphere (e.g., Dungey,
1961). Typically, the IMF is weak field with an average value of 6 nT.

Interplanetary Coronal Mass ejections (ICMEs) are defined as transient disturbances in the
solar wind that are associated with CMEs. In the literature they are referred to by different
names such as ejecta, driver gas, and plasma clouds. ICMEs are massive magnetic structures
with typical passage times past a spacecraft in the order of a day (e.g., Klein and Burlaga 1982;
Jian et al. 2006). The magnetic field is often significantly enhanced with respect to the solar
wind and they have signatures which are distinct from the solar wind plasma they are embedded
in (e.g., Zurbuchen & Richardson, 2006). An ICME with a flux rope (Chapter 2) structure is
called a magnetic cloud (MC) (Burlaga et al. 1981; Burlaga et al. 1982).

Once a CME is observed, its time of arrival can be estimated by using the measured speed of the
CME (e.g., Gopalswamy et al. 2001). On average, it takes 2 to 5 days for a CME to reach the
orbit of the Earth after being launched from the Sun depending on its speed and the speed of the
surrounding solar wind. In order to predict the strength of an incoming storm, it is important to
identify or predict the orientation of the north-south component of the interplanetary magnetic
field (IMF) B,. If the IMF is oriented southward, the incoming magnetic storm could be severe
(e.g., Brueckner et al. 1998). The most important current challenges are to predict a CME
before it happens and the orientation of the erupting flux rope and its southward IMF.

Although, it is not possible to predict the time of an eruption yet, some indications of the
IMF (B,) orientations can be obtained. On studying the photospheric magnetic field of a CME
source region, Marubashi (1997) found that, if it has a bipolar configuration, it is possible to
get an idea of inclination of the ICME axis by determining the orientation of the neutral line.
Yurchyshyn et al. (2001) found the orientation of the source region of the full-halo CME on
Feb 17, 2000 to be in the north-south direction, which corresponded to the orientation of the
ICME. But since the axial field of the flux rope was oriented northward, there were only very
little geomagnetic disturbances. However, the Jul. 14, 2000 halo-CME called the ”Bastille day
CME” had an east-west orientation producing a negative B, and drove one of the largest storms
of Solar Cycle 23.

A number of studies have been made on the flux rope orientations and it is widely accepted
that the inclination of the flux rope axes close to the Sun does not have to correspond to the
inclination in the heliosphere. For example, the event on May 12, 1997 which had an north-south
orientation, turned out to be a south-east-north (SEN) type orientation instead of the predicted
east-north-west (ENW) orientation (Webb et al. 2000b) and produced a major geomagnetic
storm. Cremades & Bothmer (2004) studied the possible reasons which could be changing these
orientations and found that during low activity years, the CMEs are deflected because their
inclination is affected by the fast flows from the polar coronal holes. This was further backed up
by the February 17, 2000 halo-CME which propagated without the influences from these fast
flows from the polar regions because of their absence during the solar maximum. The direction
of the magnetic fields in a flux rope CME can greatly affect the eruption and propagation of
the ICME. Torok & Kliem (2003), studied the rotation of a flux rope and its dependencies



during its evolution at a coronal level found that rotation can also be due to the flux rope
interacting with the neighboring fields. Studies have also found that the rotation of the flux
rope is dependent on the flux rope helicity (Chapter 2.2.1) (e.g., Green et al., 2007) and hence,
modeling and studying flux rope magnetic properties and these interactions and the resulting
instabilities help understand flux rope rotations better and to improve forecasting.

1.3 The Magnetic Sun

The Sun is unique as it still is the only star whose surface can be resolved with current obser-
vational technologies. The solar surface can be resolved to a point where the physical processes
happening there can be seen in great detail. From these observations, it is now known that
the surface of the Sun exhibits several forces and motions and they seem to be causing a vast
number of interesting phenomena which are being studied.

The Sun’s magnetic field is extremely complex compared to that of the Earth. While the
Earth’s magnetic field can be described as a dipole, the Sun has multiple poles influencing the
atmosphere in many different ways. The magnetic field of the Sun is dependent on the various
flows in the solar interior and at its surface. The differential rotation for example, gives the
Sun its periods of calm and extreme activity. The indirect manifestation of these magnetic
fields are observable in varying wavelengths, from radio waves to X-rays. Direct observations
are made using the Zeeman effect through infrared, visible and some measurements of cyclotron
radiations at radio wavelength.

1.3.1 Plasma Beta

Before studying the solar magnetic fields in detail, it is necessary to know the relationship
between the plasma and the magnetic field. The solar interior and atmosphere exhibit complex
plasma and magnetic phenomena, which are either dominated by the plasma or the magnetic
pressure. The ratio of these two pressures results in a dimensionless quantity called the plasma

B.

gas pressure p

(1.1)

- magnetic pressure - B2 /2un

When plasma 3 > 1, the gas pressure dominates the magnetic pressure. In the solar atmosphere,
this ratio may vary from 3 > 1 in the photosphere and at the base of the coronal loops, to
p < 1 in the mid-corona, to 3 > 1 again towards the upper corona and the heliosphere as the
solar wind takes over. Plasma beta provides information about the behavior of a system.

The Sun’s interior is normally a very high-3 plasma meaning, the magnetic field can be pushed
around and stretched and modified by the plasma according to its flow. This is another reason
to why motions and flows in the Sun can have such effects on the solar magnetic fields. The
magnetic fields can however be considered like unbreakable ropes. They get wound up by the
fluid until their strength or energy reaches a point when the magnetic pressure roughly equals to
plasma pressure. This interplay between the plasma and the magnetic field pushes the magnetic
field lines outward to create various solar magnetic structures. Figure 1.2 is a popular depiction
of the plasma - 3 from the solar interior to the radial flow of solar wind. The region of interest
to this work is the 3 < 1 region, lower corona.
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Figure 1.2: Canonical 3 values for the solar atmosphere. Image adapted from Gary (2001)

1.3.2 Photospheric magnetic field

The photosphere is a thin visible layer on the surface of the Sun and its name comes from the
Greek word for ’light’. The photosphere is not uniformly bright and not perfectly still. There are
several types of convective motions at work in this region in many different scales. The results
of these motions are seen as granulations (Figure 1.3), supergranulations and mesogranulations.

Hale in 1908 found that the photospheric magnetic fields vary greatly in strength. Solanki et
al., (2006) studied this further and found that the strongest of them all are the vertical fields
(measured in kG). They are found at the boundaries between supergranular cells (Scharmer et
al. 2013). The horizontal weaker fields are found in the interior of supergranular cells with field
strengths of about 100 to 300 G (Martinez Gonzalez et al. 2008; Borrero, J. M., et al. 2016).
There is also the presence of a much weaker ambient field (5 G) in the photosphere.

On a larger scale the photospheric flux is concentrated as intense magnetic flux tubes which
have a field strength of about 1 kG and fluxes of 3 x 109 Wb (3 x 1017 Mx) (Stenflo 1973),
and these flux tubes are ~ 100 km in diameter (Solanki et al. 2006). These are regions where
the magnetic field is complex and they are called as active regions. Outside these regions of
intense magnetic activity, the photosphere is relatively quiet and has a considerably weaker
field. However, the flux distribution between the strong and the weak fields in the photosphere
is still unclear (de Wijn et al. 2009).

Wide scale flux emergence in the photosphere occurs from the smallest granular magnetic loops
(flux as small as 10° Wb to flux tubes (10'2 Wb), supergranular cells (Hassler et al. 1999)
and finally, the intense active regions, which can have fluxes in the range is 1016 Wh. The
active regions unlike the other magnetic phenomena in the photosphere, modify the convection
patterns as they appear. The magnetic pressure is intense in these regions and energy escapes
into the corona through these regions where the magnetic field dominates.

11



Figure 1.3: A 20Mm x 20Mm field of solar granulation observed in 656.3 nm H — «. Each individual cell is a granule. The
dark lanes are the regions between the granules. Credit: BBSO/NJIT

Among other photospheric magnetic structures, active regions are by far the most important
for this thesis work. These regions of intense magnetic activity appear when the Sun is active.
As mentioned above, active regions have an average magnetic field strength of several hundred
Gauss, but there are concentrated regions of flux tubes with much higher field strength, called
the sunspots. Sunspot pairs generally appear with an east-west orientation with a small tilt
so that the leading edge is towards a lower latitude. Their life span is usually several months
depending on the sunspot cycle (Trujillo Bueno et al. 2004). Most of the active region flux
dissipates due to flux cancellation and submergence; some even spread into the local environment
creating unipolar regions (Kuckein et al. 2012), at this stage the active region disappears.
Flux transport models are often used to explain the evolution of these large scale photospheric
phenomena (Wang & Sheeley 1994; Lin, J., & van Ballegooijen 2005).

Magnetograms are used to observe and measure the magnetic field distribution on the photo-
spheric surface. They are made by combining a narrow band filter with a simple polarimeter. A
line of sight(LOS) magnetic field measurement can be made by observing circular polarizations
of a magnetically sensitive field line. The measurement can be calibrated to provide magnetic
flux density, which is the product of the magnetic field as well as the filling factor (the fraction
of the resolution element covered by the line of sight magnetic fields of strength B). Some mag-
netograms provide only a diagnostic to the LOS component due to their sensitivity to circular
polarizations. The Michelson Doppler Imager (MDI, Scherrer et al. 1995) on the SOHO (Solar
and Heliospheric Observatory, Domingo et al. 1995) is a widely used magnetograph. The MDI
observations have led to an improved understanding of the photospheric magnetic field network
(Schrijver et al. 1997). Other diagnostic methods also exists, such as: G-band imagery (qualita-
tive) and the spectro-polarimetric inversions (quantitative) are used in analyzing the magnetic
field distribution in the photosphere.

12



Figure 1.4: A white light image of the solar corona during totality (adapted from NASA; Credits: M. Druckmller)

1.3.3 Coronal magnetic field

The solar corona or the ”crown” of the Sun, is a feint halo-like region of extreme temperature (a
few x106 K) and is made of very low density plasma. The solar corona is spectacularly visible to
the naked eye uniquely during a total eclipse (Figure 1.4). Images of an eclipse showing the solar
corona are created by the scattering of light from the photosphere off of electrons (K-Corona)
and dust (F-Corona). The corona is brighter when there is more plasma since its brightness is
proportional to the electron density. Figure 1.4 shows an image of the corona taken during a
total eclipse (i.e., when the Sun is completely covered by the moon). The lines and structures
seen there are mostly due to the coronal magnetic fields.

The high temperature of the corona is an active research problem. The corona is hundreds of
times hotter than the photosphere. This was realized in 1943 by Swedish astronomer Bengt
Edlen. During his studies, the coronal spectra showed a high degree of ionization of the known
elements. The temperatures in the corona are high enough for Hydrogen (H) and the heavier
nuclei lose electrons allowing for coronal imagining in soft X-ray and EUV.

Direct observation of the solar corona is impossible because of the intense white brightness of
the photosphere. However, the corona can be visually observed during total eclipses (Figure
1.4). But these are rare opportunities, which cannot be depended upon if the purpose is to
study the corona. In 1930, an artificial eclipse by means of a coronograph was created. A
coronograph is a type of telescope with an occulting disc to eliminate the photospheric glare.
At present, coronographs are found on-board on two spacecraft (SOHO and STEREO).

The corona can be viewed directly in other wavelengths. For example, soft X-ray telescope
are widely used to study corona due to the weak contributions to X-ray from the photosphere
and the lower corona. Soft X-ray and EUV observations are done from space since the Earth’s
atmosphere absorbs these wavelengths. There are a number of satellites, which can image in
these wavelengths such as, Yohkoh, TRACE, Skylab, SoHO, Hinode and SDO.

The coronal magnetic field strength varies greatly in magnitude as it typically measures between
a few G to several hundred G. The magnetic field strength can be directly measured from radio
emissions or through Zeeman splitting(e.g., Lin et al. 2000; Liu & Lin 2008). Most of the current
understanding of the coronal magnetic field, however, is largely due to computer models that
extrapolate the coronal magnetic fields from the photospheric magnetic field. The magnetic
field of the Sun is always a mix of both poloidal and toroidal fields. Even the field-free regions

13



in between the strong patches of flux have tiny concentration of B. The connection between the
field line geometry in the corona depends on how far they have to go to find a region of opposite
polarity. The field lines which are not connected are forced out radially as the solar wind (as
seen in Figure 1.4) and the dipole like fields get stretched out radially by the plasma (3 > 1).

In the solar corona, the magnetic pressure dominates over the plasma pressure (P) and so the
plasma follows the magnetic field lines which means the corona has a very small plasma beta
(B < 1). It should be noted that not all parts of the corona have such conditions. The region of
interest, the low corona has a plasma flow speed (u ~ 0) which can approximate the momentum
conservation equation as,

~-Vp+pg+JIxB=0 (1.2)

J x B is the most important term in the momentum equation for the solar corona. The pressure
and gravitational terms in equation 1.2 balance each other out and the momentum equation
can be approximated as,

JxB=0 (1.3)

there are two ways to satisfy this approximation, when J = 0 or when J is parallel to B. The
first possible way requires the system to be current-free (although, there can be currents outside
the system). This is not a viable approximation as it fails to take into account the presence of
current sheets in the corona. The second scenario is when the magnetic fields in the system are
in a "force-free” state. Several coronal structures (filaments (Miller et al. 1997), prominences
(Lang 1999), and flux tubes) can be approximated to be force-free.

Below the most simple possibility to present coronal fields is presented chosen. Using the
approximation in the Ampere’s law,

VxB= HOJ (1.4)

when J =0,

VxB=0 (1.5)

this magnetic field can be expressed as a gradient of the scalar potential function,

B=-VY (1.6)

This gives a minimum energy state for the magnetic field called the potential field. Adding a
non-zero J to equation 1.4, be it in terms of twist or some form of energy, forces the system to
lose its potential state marking a build up in the total magnetic energy in the field. A potential
energy state is used as an initial condition for the coronal magnetic field in the numerical study
presented in Chapter 4.
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Chapter 2

Magnetic Flux ropes

Magnetic flux ropes (FR) are a major topic in the study of the solar corona and space weather.
The corona is usually considered to be in a force-free equilibrium. Magnetic flux ropes (FR)
can be defined as a set of magnetic field lines wrapped around an axial field line. They are
energetic structures that release their stored energy in the form of an eruption (CME, flare,
etc.,). To understand these eruptive phenomena as well as predict their onset, it is necessary to
investigate the structures in the corona, their underlying dynamics, and the build up of energy
that causes these massive eruptions. It is also important to study the physical mechanisms that
could trigger these explosive releases of energy.

A brief description of the coronal magnetic field can be found in Chapter 1.3.3. The background
corona is often approximated to be in a potential or ”"ground” (lowest energy) state. However,
there needs to be sufficient amounts of free energy for an onset of an eruption. By introducing
a twisted magnetic flux rope into the corona, the coronal magnetic fields lose their equilibrium
and get energized by the flux rope (Forbes & Isenberg 1991). There are two dominant theories
about the loss of equilibrium in the solar corona and they are the helical kink instability (Anzer
1968), and the torus instability (Bateman 1978). A description of these mechanisms can be
found in Chapter 2.3.1 and 2.3.2.

2.1 Flux rope formation

Several theories on how FRs form have been put forth (Rust and Kumar 1994; Priest et al. 1996;
Kuperus 1996; Kuijpers 1997; Zirker et al. 1997, etc.,). FRs can either be formed before or
after an eruptive event. The flux rope emergence model assumes that a pre-existing FR emerges
into the corona due to convective instabilities (Fan 2001, 2010; Manchester et al. 2004a, 2004b;
Magara 2006). The flux cancellation model is another model that suggests that reconnection
of magnetic field lines due to the shearing motions creates an FR(van Ballegooijen & Martens
(1989)).

The work presented in this thesis is based on Fan & Gibson (2004) which considers a pre-existing
flux rope that is driven into the corona. In the Fan & Gibson (2004) model, the FR is driven
through the convection zone due to the magnetic buoyancy instability (Moreno-Insertis 1997).

Figure 2.1 shows a twisted current-carrying FR in the convection zone. Confined(current-
carrying) FRs posses neutralized currents (e.g., Parker 1996), which means that the total cur-
rent, J, when integrated over the FR magnetic polarity, vanishes. This would mean that the
main current flowing through the FR which connects the FR polarities is surrounded by a return
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Figure 2.1: Emergence of a twisted flux rope from the convective zone (adapted from Filippov et al. 2015).

current(opposing current) of equal strength. The FR is bound by this opposing current and
held in place by the plasma pressure (Parker 1979). Once the FR emerges into the corona, the
opposing current spreads out across the photosphere. Observations made by the Solar Optical
Telescope(SOT) on board Hinode have indicated emergence of FR into the corona along the
polarity inversion line (PIL). This was analyzed e.g., by Okamoto et al (2008, 2009) who suggest
the emergence of helical flux in order to keep the prominence active. This was later confirmed
by Lites et al. 2010 for twisted FRs.

Figure 2.2: Meridional projections of magnetic field lines throughout the magnetic breakout eruption process at six different
times. (a) shows the initial potential state with the four flux system. (c) shows the overlying flux transfered to the side
arcades. (e) shows a rapid magnetic release and (f) shows the rebuilding of the shear arcades after the flux is squeezed out.
(credits: Lynch et al. 2004)

In some other models, the FR is formed as a consequence to the eruption through flare recon-
nection. Antiochos et al. (1999) proposed a model where the flux in between sheared arcades
is squeezed out forming a current sheet. This forces reconnection of the sheared side arcades
forming an FR which erupts. Figure 2.2 shows an illustration of this model, called the breakout
reconnection model. It has been found to have caused major CME events (e.g., Aulanier et
al. 2000). Another model with a similar mechanism is the tether-cutting model (Moore et al.
2001). In this model, a flux rope is formed during the onset of eruption when sheared arcades
reconnect below the flux rope to form a twisted loop.
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Most of the above mentioned FR formation scenarios have one common mechanism: reconnec-
tion. Magnetic reconnection plays a key role in releasing the excessive magnetic energy that is
built up and stored in the magnetic field (e.g., Berger & Field 1984). Magnetic reconnection
occurs when oppositely directed magnetic field lines in a plasma break and reconnect. The
main feature of this phenomena is the huge release of energy that was previously stored in the
magnetic field. The magnetic energy is converted to kinetic energy and heat. Reconnection
was first theoretically described by Parker (1957) and Sweet (1958) and since then has been at
the core of solar physics. Magnetic reconnection implies that the violation of the ideal MHD
condition where magnetic field lines are ”frozen-in” to an infinitely conducting plasma, i.e.,
charged particles which are on circular orbits around the magnetic field lines and do not diffuse
and mix. When oppositely directed field lines are squeezed together, a thin current sheet is
formed and when plasma diffuses, there is magnetic reconnection. For the plasma to diffuse,
there must be finite conductivity that allows even the smallest amount of resistivity. A detailed
description of magnetic reconnection can be found in a number of textbooks.

2.2 Magnetic Helicity

To put it in the simplest possible way, magnetic helicity is the measure of complexity in a closed
volume of magnetic field lines and is a conserved quantity. It can be thought of as a swirl in
the magnetic field. Magnetic helicity plays a key role in discussions involving flux ropes and
instabilities. Taylor (1974) revealed that magnetic helicity in laboratory plasmas are conserved
when they dissipate and spread uniformly through reconnection. Based on Taylor’s analysis,
Heyvaerts & Priest (1984) described solar conditions implying that any changes to the force-free
coronal magnetic field is due to magnetic helicity.

The transfer of helicity into the solar corona from the Sun’s interior (Low 1994) because of the
dynamo (Chui & Moffatt 1995) is a widely accepted explanation for the complex nature of the
coronal magnetic field during solar maxima. Rust & Kumar (1994) proposed the concept of
"helicity charging” by which the helicity is transported to the corona (and coronal structures)
from the photosphere. On how it could be done was a subject of debate and it was suggested
that the photospheric shearing motions twist and untwist magnetic flux while building up energy
along those field lines which are later shed through eruptive events (Low 1996).

A detailed description of magnetic helicity can be found in Priest (1982, 2014) or Aschwanden
(2005). However, a brief understanding of helicity is as follows:

The vector potential A is used in describing magnetic helicity (H). It is possible to choose a
gauge with freedom for a given potential function (in this case A). The magnetic field B can
be written in terms of the vector potential as,

B=VxA (2.1)

B does not change with the gradient of a scalar field (¢) to A

B*=Vx(A+Vd)=VxA=B (2.2)

B* = B which means, V x V¢ = 0. With gauge variance, it is possible to change the Coulomb
gauge (V- A =0) and magnetic helicity,
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A-B=A-B+V¢ B (2.3)

This would also mean that the gauge dependence applies to the total helicity as well,

J A-BdV—>J A-BdV+J Ve -Bdv, (2.4)
\% Vv Vv

H:J A-BdV+J ¢B - ndS, (2.5)
A\ S

where n is the unit normal to the surface S point out of the volume V.

By applying the Gauss divergence theorem to Equation 2.4 transforms it from a volume integral
to a surface integral with surface normal (S) resulting in Equation 2.5 for helicity.

Berger & Field (1984) pointed out a gauge invariant version of magnetic helicity, known as the
relative helicity,

Hp, = JV(A 1A (B By dV (2.6)

It is relative to By =V x A} and B; = V¢, with a boundary condition n- B, =n - B, with n
being the normal vector to the surface.

Moffatt (1969) interpreted magnetic helicity as mutual linkage between magnetic field lines.
Mutual linkage is directly proportional to the magnetic helicity and is the number of times
magnetic field lines are linked with each other. It is given as,

Hy = JV A -BdV =2n d1ds (2.7)

here, n is the mutual linkage number and ¢; and ¢o are the magnetic fluxes of the field lines
being linked.

Moffatt & Ricca (1992) prove that for a knotted flux rope with flux ¢, the invariance of helicity
(H) with flux conservation is equal to the sum of writhe and twist. The twist (T) can be defined
as the number of field line turns about the flux rope axis and the writhe (W) can be defined as
the number of times the flux rope axis winds itself (self helicity)(Berger 1999; Rust 2002).

H = h¢? (2.8)

h=T+W (2.9)

Since helicity is a conserved quantity, twisted flux ropes often convert writhe to twist which
can mark the onset of the helical kink instability (Torok & Kliem 2005). There have been
discussions on whether helicity could be transferred between different parts of the prominence
when the helicity(H) is conserved (House & Berger 1987).
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2.3 Flux rope eruptions

Flux ropes are key for understanding the eruptive phenomena at the Sun such as CMEs. How-
ever, many questions about how they erupt and the occurrence of reconnection still remain.
Ji et al. (2003) observed that some eruptions are confined and fail to lead to a CME. These
so-called ”failed eruptions” have been observed several times since then (e.g., Guo et al. 2010a).
Flux ropes are equilibrium structures which erupt when they lose that equilibrium or stability
(Bateman 1978). Several theories have been suggested for this loss of stability.

There are a number of great textbooks which describe flux rope stability (e.g: Boyd & Sanderson
2003; Goedbloed & Poedts 2004) in detail. The general consensus is that instability-driven FR
eruptions occur when the threshold for stability is exceeded. Since FRs are described in the
corona using magnetohydrodynamic (MHD), it is necessary to look at their eruptive mechanisms
from an MHD perspective. As discussed briefly in Chapter 1.3.3, the coronal magnetic field
exists in a potential state for the most part and is current free. The time scales of eruptive
events is too small to consider changes in the photosphere. This suggests that at the time of
eruption, the solar coronal magnetic fields contain large amounts of free energy. FRs carry a
current that develops further as they accumulate through a constant transportation of flux into
the corona. Once the corona has accumulated enough energy, the eruption is triggered violently
due to a loss in equilibrium between the upward pressure and downward tension (Janvier et al.
2013). This is believed to be the basic mechanism behind solar eruptions (see also Forbes et
al. 2006). In their review, Schmeider et al. (2004) explain in detail with observations about
different possible mechanisms which could occur during the eruptive phase. There are several
eruptive models presented in the literature, which partly share similar results and mechanism
and are hence difficult to differentiate.

Fan & Gibson (2004) put forwar